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Abstract 9 
The pyrolysis of Tetrabromobisphenol A (TBBPA) mixed with Electric Arc Furnace 10 
Dust (EAFD) was studied using thermogravimetric analysis (TGA) and theoretically analysed 11 
using thermodynamic equilibrium calculations. Mixtures of both materials with varying TBBPA 12 
loads (1:1, and 1:3) were prepared and pyrolyzed in a nitrogen atmosphere under dynamic 13 
heating conditions at heating rates of 5 and 10 ⁰C/min. The mixtures degraded through several 14 
steps including decomposition of TBBPA yielding mainly HBr, bromination of metal oxides, 15 
followed by their evaporation in the sequence of CuBr3, ZnBr2, PbBr2, FeBr2, MnBr2, KBr, 16 
NaBr, CaBr2 and MgBr2, and finally reduction of the remaining metal oxides by the char formed 17 
from decomposition of TBBPA. Thermodynamic calculations suggest the possibility of selective 18 
bromination of zinc and lead followed by their evaporation leaving iron in its oxide form, while 19 
the char formed may serve as a reduction agent for iron oxides into metallic iron. However, at 20 
higher TBBPA volumes, iron bromide forms, which can be also evaporated at a temperature 21 
higher than those of ZnBr2 and PbBr2. Results from this work provide practical insight into 22 
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selective recovery of valuable metals from EAFD while at the same time recycling the hazardous 23 
bromine content in TBBPA.    24 
Keywords: Tetrabromobisphenol A, Pyrolysis, Electric Arc Furnace Dust, 25 
Thermogravimetric Analysis, thermodynamic calculations 26 
  27 
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1. Introduction 28 
Steel can be considered as the most recycled material with more than 650 Mt tonnes 29 
recycled annually [1]. According to the World Steel Association [1], Electric Arc Furnaces 30 
(EAFs) produce about 29% of worldwide steel, of which most is produced from recycled 31 
material. This recycling process generates enormous amounts of electric arc furnace dust 32 
(EAFD). It is estimated that a tonne of molten metal produces about 11-20 kg of EAFD [2, 3]. 33 
This implies that about 8-13 Mt of EAFD is generated annually. This dust is considered a 34 
secondary source for zinc, it contains 7-40 % zinc depending on the proportion of galvanized 35 
steel scrap recycled [2, 4]. Therefore, zinc recovery from EAFD is of prime importance in terms 36 
of energy efficiency and resource conservation. The only industrial process currently employed 37 
for zinc recovery from EAFD is the Waelz Kiln process. This technology is applied in 30-35 38 
locations across the world in order to recycle about 45% of EAFD [5]. The attempts to use 39 
alternative technologies for recycling EAFD such as hydrometallurgical methods have failed so 40 
far due to technical, environmental or economic constraints.  41 
Recently, recycling EAFD combined with plastic waste has been a thematic research 42 
topic with a number of recently reported studies. This technology utilizes the presence of 43 
halogens in plastics, such as chlorides in PVC and bromides in brominated flame retardant 44 
materials (BFRs) to react with the metal oxides present in the EAFD. Upon decomposition of 45 
these plastics, the corresponding hydrogen halides of (HCl or HBr) are released, converting 46 
metal oxides into chlorides or bromides at moderate temperatures (below 573 K (300 ⁰C)). Metal 47 
halides formed can be either heated further to evaporate them [4, 6-9], or leached with water 48 
from the pyrolysis residue as demonstrated in recent studies [10-13].  49 
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Understanding the interaction between the EAFD and PVC/BFRs is important for process 50 
development, especially the thermodynamics of pyrolysis. To the authors best knowledge, 51 
literature provides no account of the thermodynamics underpinning the pyrolysis of EAFD-52 
BFR/TBBPA mixtures, although, one can find several publications on the interaction between 53 
metal oxides or EAFD with TBBPA [4, 8, 9, 12, 14-16]. Likewise, quantum chemical 54 
calculations have mapped out reaction pathways between Fe2O3 (a minor constituent in EAFD) 55 
with products from thermal decomposition of TBBPA [17].  56 
TBBPA is considered as one of the most important feed materials for the manufacture of 57 
flame retardants. It has been used in printed circuit boards, insulated wires and various 58 
polycarbonate plastics for many years to improve the fire safety of such products. TBBPA 59 
accounts for approximately half of all BFRs in production today due to  high efficiency and 60 
compatibility with most types of polymers [18]. Due to the enormous growth in the global 61 
electronics industry and the very short life span of electronics, electronic materials become 62 
obsolete quickly, which causes an accumulation of electrical wastes causing significant issues 63 
concerning their safe disposal and recycling of these types of materials.  64 
The most common method for the treatment of waste brominated flame retardants (BFRs) 65 
is pyrolytic incineration. To reduce the release of HBr during incineration of materials laden with 66 
BFR, it is recommended to mix BFRs with metal oxides. To this end, this paper has two aims; 67 
firstly to investigate the thermal behavior of EAFD-TBBPA mixtures during pyrolysis 68 
experimentally through both TGA and isothermal pyrolysis, and secondly to present 69 
thermodynamic calculations pertinent to the reactions between HBr and selected prominent 70 
metal oxides present in the dust.  71 
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2. Materials and methods 72 
The chemical composition of EAFD was analyzed by using a Perkin Elmer Optima 700 73 
inductively coupled plasma atomic emission spectrometer (ICP-AES) after representative 74 
samples of the dust were microwave digested according to the method developed by Al-75 
Harahsheh et al [19]. This method was slightly modified to dissolve all of the dust sample. The 76 
mineralogical composition of the collected EAFD sample was characterized by X-Ray 77 
diffraction analysis technique (XRD) as reported in Al-Harahsheh et al [13].  78 
Powdered 4,4′-isopropylidenebis(2,6-dibromophenol), a commercial brominated flame 79 
retardant commonly referred to as 3,3′,5,5′-tetrabromobisphenol-A, (TBBPA), was purchased 80 
from Sigma-Aldrich. It was mixed with EAFD, collected from a Jordanian steel smelter located 81 
at Hashimia- Jordan, at 1:1 and 1:3 mass ratios of EAFD: TBBPA, these mixtures were 82 
designated as E-TBBPA1, and E-TBBPA3, respectively. 83 
Thermogravimetric and differential scanning calorimetry (DSC) analyses of the initial 84 
materials (EAFD, TBBPA) and their mixtures were performed using a TA-Q600 thermal 85 
analyzer. A representative 10 mg sample of the specified material was placed in a platinum pan 86 
and heated at 5 and 10 ⁰C/min under nitrogen with a flow rate of 50 ml/min. 87 
Chemical thermodynamics calculations were performed using the software “Facility for 88 
the Analysis of Chemical Thermodynamics (FactSage)” [20]. FactSage implements the free 89 
Gibbs enthalpy minimization method [21], to calculate the concentrations of chemical species 90 
when the specified compounds react partially or totally to reach a state of chemical equilibrium. 91 
The calculations were performed for the two mixtures (E-TBBPA1 and E-TBBPA3) in order to 92 
find the concentrations of all product species at different temperatures and to compare the results 93 
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with the analogous experimental values obtained in this study. Furthermore, the Gibbs free 94 
energy was calculated for the proposed reactions at different temperatures in order to elucidate 95 
the thermodynamic feasibility of each reaction to take place. 96 
The pyrolysis of the EAFD-TBBPA mixtures was performed according to the procedure 97 
reported elsewhere [13], whereby, pellets of the mixture were placed inside a U-shaped Pyrex 98 
tube between two layers of quartz wool. The pellets were heated in a programmable 99 
Nabertherm
®
 furnace at a specified heating rate and were then held at a final temperature for 30 100 
minutes, while purging with high purity nitrogen. The pyrolysis residue was characterized by 101 
XRD to identify the crystalline reaction products. 102 
3. Results and discussion 103 
3.1. Chemical and mineralogical composition of EAFD and its 104 
residues 105 
Table 1 shows the average elemental composition of the EAFD sample. The analysis 106 
indicated the dust contained Zn, Fe, Ca, Na, Pb, Si, K and Mn. Elements of Na and K were 107 
mainly found in the chloride form. The chloride content of the EAFD was found to amount to 108 
8.32± 0.15 % as determined by silver nitrate titration [22]. The carbon content of the sample was 109 
analyzed by calorimetry and was found to be 2.63 ± 0.03 % with 0.11± 0.01 % being inorganic 110 
carbon, which implies the presence of about 1 % of carbonates in the dust.  111 
Figure 1 shows the XRD analysis of a representative EAFD sample. The peaks confirm that the 112 
dust consists mainly of zincite (ZnO), franklinite (ZnFe2O4), magnetite (Fe3O4), halite (NaCl), 113 
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sylvite (KCl), lead hydroxyl chloride (PbOHCl) and hematite (Fe2O3). It is possible also that the 114 
dust may contain a hydrated zinc chloride such as semonkolleite.  115 
Figure 1 also shows The XRD pattern of the pyrolysis residue treated at a temperature of 623 K 116 
(350 ⁰C) for 30 minutes; the major phases present are magnetite/franklinite, PbBr2, KPb2Br5, 117 
K2PbBr4, NaBr, KBr, K2ZnBr4 and sphalerite. However, ZnBr2 and FeBr2 were not seen in the 118 
sample as these most were likely to be in an amorphous form. Water leaching test performed on 119 
this residue resulted in dissolution of all of the lead (100 %), 82.5 % Zn, and 38.1 % Fe. The 120 
residue after leaching was found to contain mainly magnetite and some silicates, most probably 121 
iron silicates. 122 
 123 
Figure 1 XRD pattern of raw EAFD, E-TBBPA3 after pyrolysis and after leaching at pH=1 124 
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3.2. TGA and DTA analyses 125 
3.2.1. TGA and DTA analysis of EAFD-TBBPA mixtures 126 
Thermogravimetric analysis (TGA) under an inert atmosphere (N2) was performed for 127 
pure TBBPA and for E-TBBPA1 and E-TBBPA3 mixtures containing 50, and 25 % of EAFD, 128 
respectively. Figure 2 presents a comparison of the pyrolysis behavior of E-TBBPA1 and E-129 
TBBPA3 under inert conditions, at a heating rate of 10 °C/min. At a ratio of 1:1 the 130 
decomposition of TBBPA seems to start at a lower temperature (~ 458 K (185 ⁰C)) than the 131 
sample in the ratio 1:3 where more TBBPA is present. At a temperature of 453 K (180 ⁰C), 132 
TBBPA melts as seen in the DTA profile presented in Figure 4. Reactions occurring in the 133 
condensed medium upon melting of TBBPA are most likely to be dominated by successive C-Br 134 
bond sessions and cross-linking reactions. On the other hand, decomposition of pure TBBPA in 135 
the gas phase was shown to commence with fission of a C-CH3 bond [23]. 136 
The other distinctive feature of the TGA profile of E-TBBPA1 (Figure 3) is the weight 137 
loss peak, the maximum of which corresponds to a temperature of about 1088 K (815 ⁰C). 138 
Thermodynamic analysis using FactSage software (see section 3.3.2.2), suggests that a reduction 139 
in non-volatile iron compounds into iron and evaporation of FeBr2 starts intensively at 140 
temperatures above 943 K (670 ⁰C). Of course the delay observed here is related to the non-141 
isothermal nature of the TGA experiment and also the direct reduction of iron oxide by solid 142 
carbon according to reaction 9 shown below. When the TBBPA content increases in the mixture, 143 
the weight loss peak at 1088 K (815 ⁰C) is not observed in the TGA profile (E-TBBPA3), 144 
because there will be no iron oxide left for reduction by carbon, as all of the iron available has 145 
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been consumed in the bromination reaction. This becomes evident when inspecting the DTA 146 
profile shown in Figure 4 (see also section 3.3.2.2). 147 
 148 
Figure 2 TGA and DTG profiles for pure TBBPA, E-TBBPA1 and E-TBBPA3 at a heating rate of 10 149 
⁰C/min. 150 
Figure 3 shows weight loss and derivative weight loss for E-TBBPA1 and E-TBBPA3 151 
mixtures at heating rates of 5 and 10 ⁰C/min. Several events seem to occur during the thermal 152 
pyrolysis of the mixtures; the slow heating rates and the high proportion of dust display more 153 
features of the interaction between EAFD and TBBPA. The weight loss of the first event, when 154 
E-TBBPA1 was pyrolyzed, is observed at a temperature of about 453 K (180 ⁰C) (see Figure 3a), 155 
which coincides with the melting point of TBBPA. This suggests that a reaction between EAFD 156 
and liquid TBBPA occurs as the peak of this event is shifted to the right with an increase in the 157 
heating rate. Oleszek et al [16] observed a weight loss in this temperature region when TBBPA 158 
was pyrolyzed with PbO. They managed to detect water by TGA-MS across this temperature 159 
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region. Based on this, it is likely that the solid-liquid reaction between metal oxides present in 160 
the dust (most likely ZnO and PbO) and TBBPA may occur at this temperature leading to the 161 
formation of metal bromides and the release of water vapor (Reactions 4 and 6). Grabda et al 162 
[14] came to similar conclusions when they studied the de-bromination of TBBPA by ZnO. Al-163 
Harahsheh et al [13] also detected some metal bromides when they leached a TBBPA-EAFD 164 
pyrolysis residue pyrolysed at temperatures below 523 K (250 ⁰C). Likewise, it has been shown 165 
theoretically that the successive dissociative addition of HBr over Fe-O entities to result in the 166 
formation of direct iron bromide precursors accompanied with the evolution of water via facile 167 
reaction barriers [23].  168 
At a heating rate of 5 ⁰C/min, three successive and partially overlapped events seem to 169 
occur with maxima at temperatures of 495, 524 and 581 K (222, 251 and 308 ⁰C). These maxima 170 
are shifted to 516, 537 and 589 K (243, 264 and 316 ⁰C), respectively at a heating rate of 10 171 
⁰C/min. The peaks marked 2, 3 and 4 (Figure 3a) could be related to evaporation of TBBPA, 172 
evaporation of its decomposition products (like phenols and bromophenols) and bromination of 173 
metal oxides, respectively [16]. The derivative mass loss peaks 5 at 733 K (460°C) may be 174 
assigned to the evaporation of zinc bromide (see section 3.3.2.1). The TGA analysis for several 175 
metal bromides performed by Oleszek et al [15, 16] suggests the following order of metal 176 
bromide evaporation: ZnBr2 (~ 643- 733 K (370-460 ⁰C)), PbBr2 (~ 723 – 803 K (450-530 ⁰C)) 177 
and then FeBr2 (~ 793- 943 K (520-670 ⁰C)). 178 
Peak 6 at a temperature of 875 K (602 ⁰C) may be assigned to the reduction of hematite 179 
to wustite, which is further reduced to metallic iron by char starting from 1023 K (750 °C) (at 5 180 
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⁰C/min) and peaks at 1068 K (795 °C) (peak 7). Iron transformation from its oxides to metallic 181 
iron can be presented in the following sequence: 182 
Fe3O4 FeO Fe 183 
In a recent study by Al-Harahsheh et al [12], both FeO and Fe were detected in the 184 
residue after microwave treatment of EAFD-TBBPA mixtures.  185 
The derivative weight loss peak 8 (Figure 3a) occurring at a temperature of 1123 K (850 186 
⁰C) and at a heating rate of 5 ⁰C/min are related to the evaporation of NaBr, KBr FeBr2, MnBr2, 187 
metallic zinc as shown in Figures 6-11. 188 
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 191 
Figure 3 Weight loss and weight loss derivative for E-TBBPA1 (a) and E-TBBPA3 (b) at heating rates 192 
of 5 and 10⁰C/min 193 
Thermal analysis shows that pure TBBPA exhibited two endothermic events (Figure 4); the first 194 
one is a sharp peak at a temperature of 453 K (180 ⁰C) which represents the melting of TBBPA, 195 
while the second event is a broad peak (533-623 K (260-350 ⁰C)) with a maxima at 602 K (329 196 
⁰C) representing thermal decomposition of TBBPA. When EAFD was mixed with TBBPA, the 197 
first endothermic event (smelting of TBBPA) appeared in the same place irrespective of the 198 
EAFD: TBBPA ratio. This endothermic event is also accompanied by a small weight loss as 199 
discussed above. However, the second event is now exothermic and shifted to the left. The 200 
maxima appears now at 592 and 574 K (319, and 301 ⁰C) for E-TBBPA1, and E-TBBPA3, 201 
respectively. Detailed observation of this exothermic event, especially for E-TBBPA1, suggests 202 
two successive events occurring at 591 and 673 K (319 and 400 ⁰C) for E-TBBPA1. These 203 
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exothermic phenomena are marks the formation of metal bromides such as ZnBr2, FeBr2, NaBr, 204 
KBr and PbBr2 as a result of the bromination reactions of metal oxides present in the dust by 205 
HBr as well as formation of iron silicate (Fe2SiO4). The exothermic nature of the metal oxide 206 
bromination into metal bromides has also been confirmed via quantum chemical calculations. 207 
For instance, dissociation of HBr over Fe-O bond was found to be exothermic by 227.6 kJ/mol 208 
(54.4 kcal/mol) [23].  209 
 210 
Figure 4 Heat flow derivatives for pure TBBPA, E-TBBPA1 and E-TBBPA3 mixtures obtained at a 211 
heating rate of 10 ⁰C/min (DWL-Derivative weight loss, DHF-Derivative heat flow). 212 
The endothermic event observed in the heat profile of E-TBBPA1 at about 1073 K (800 ⁰C) is 213 
consistent with the weight loss observed in the TGA profile of the same mixture which may be 214 
related to the evaporation of NaBr, KBr, FeBr2, MnBr2, and metallic zinc.  215 
0
1
2
3
4
-0.1
-0.08
-0.06
-0.04
-0.02
0
0.02
0.04
0.06
0.08
0 100 200 300 400 500 600 700 800 900
D
er
iv
. 
W
t.
 L
o
ss
, 
%
/⁰
C
 
D
er
iv
. 
H
ea
t 
F
lo
w
, 
W
/(
g
.⁰
C
) 
T, ⁰C 
DHF TBBPA
DHF E-TBBPA1
DHF E-TBBPA3
DWL TBBPA
DWL E-TBBPA1
DWL E-TBBPA3
14 
 
3.3. Chemical thermodynamic calculations 216 
The mineral composition of the EAFD was calculated based on the types of minerals obtained 217 
from XRD analyses as well as on the elemental analysis using ICP-AES. The estimated 218 
composition of the minerals in the EAFD is presented in Table 2. When calculating the mineral 219 
composition, it was assumed that 50 % zinc present in the dust is in the form of franklinite and 220 
the remaining exists as zincite. For iron, it was assumed that the remaining iron after calculating 221 
the franklinite content was 80 % in the form of magnetite while 20 % is in the form of hematite. 222 
These mineral phases will undergo through several main reactions according to the list shown 223 
below [6]: 224 
Fe2O3(s) + 6 HBr(g) 2FeBr3(s,l,g) + 3H2O (g)    (1) 225 
ZnFe2O4 + 8HBr  ZnBr2 + 2FeBr3(g)+4H2O     (2) 226 
Fe3O4(s) + 2HBr(g) FeBr2(s,l) + Fe2O3(s) + H2O(g)   (3) 227 
PbO(s)  + 2HBr (g)PbBr2(s,l) +H2O (g)     (4) 228 
CaO(s) + 2HBr (g) CaBr2 (s,l) + H2O(g)     (5) 229 
ZnO(s) + 2HBr(g) ZnBr2(s,l) + H2O(g)   (6) 230 
ZnFe2O4(s)+2HBr(g) ZnBr2(s,l) + Fe2O3(s) + H2O(g)   (7) 231 
PbOHCl+2HBr  PbBr2+H2O+HCl      (8) 232 
2Fe2O3 + 3 C  4Fe +3 CO2       (9) 233 
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3.3.1. Gibbs free energy 234 
Gibbs free energies for the above reactions were calculated using FactSage
®
 software version 7.0 235 
across the temperature range 273 to 1273 K (0 to 1000 ⁰C) with a step of 10 ⁰C. Figure 5 shows 236 
the results of the thermodynamic calculations for the above reactions. Based on the 237 
thermodynamic spontaneous scale (i.e., ΔGr < 0), it becomes evident that all reactions can 238 
proceed at all temperatures commencing from room temperature to 1273 K (1000 °C) except for 239 
Reactions 1, 2, 3 and 9. Reaction 1, bromination of hematite, can only take place at a temperature 240 
below 593 K (320 °C), while Reaction 2, or bromination of franklinite, can only take place at a 241 
temperature below 733 K (460 °C). On the other hand, Reaction 3, bromination of magnetite, can 242 
take place at temperature below 1033 K (760 °C). Reaction 9, reduction of hematite, can only 243 
take place at temperature above 873 K (600 °C) 244 
 245 
Figure 5 Gibbs free energy for the suggested reactions (RXN 1 to RXN 9). 246 
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3.3.2. Chemical equilibrium calculations 247 
Chemical equilibrium calculations were also performed using FactSage
®
 for E-TBBPA1 and E-248 
TBBPA3 assuming that the initial mass of the mixture was 100 g. It is important to point out that 249 
the TBBPA content in the mixture was replaced by its theoretical content of HBr in these 250 
thermodynamic calculations. Additionally, carbon was assumed to form during thermal 251 
decomposition of TBBPA, therefore, based on the TGA profiles of the mixtures of these ratios, a 252 
fixed amount of carbon was assumed to be present in the mixture .The calculations were 253 
performed across the temperature 473 to 1173 K (200 to 900 °C) with a step of 10 °C. The initial 254 
temperature was assumed to be 473 K (200 ⁰C) based on the fact that at 493 K (220 °C) HBr is 255 
released from the mixture during pyrolysis as indicated earlier (Figure 2). Phases formed at 256 
concentrations below 0.01 g were ignored. 257 
The results of the thermodynamic simulations are shown in Figures 6 to 11; each of which 258 
presents the results of both considered ratios. It was found that at least 200 species were formed 259 
in different proportions over the considered temperature range. For the purpose of simplicity the 260 
obtained results for the different species formed were grouped into zinc (Figure 6), iron (Figure 261 
7) and lead (Figure 8) compounds, bromide gases (Figure 9), sodium (Figure 10), potassium 262 
(Figure 11) and other compounds (Appendix 1). 263 
3.3.2.1. Behavior of zinc  264 
Figure 6 shows the expected zinc compounds formed during the course of pyrolysis of E-265 
TBBPA1 and E-TBBPA3 mixtures. As anticipated the major phase seen is ZnBr2, which is 266 
immediately formed upon the release of HBr. It melts at about 683 K (410 ⁰C), where it also 267 
starts to evaporate reaching completion at about 883 K (610 ⁰C). This result is consistent with 268 
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the weight loss observed in the TGA profile of the E-TBBPA1 indicated by peak 5 (Figure 3). 269 
The two other major phases formed are sphalerite (ZnS) and zinc aluminate (ZnAl2O4), these 270 
phases seem to form in very small quantities in the case of E-TBBPA3. Willemite (Zn2SiO4) 271 
forms in very small quantities and it peaks in the temperature region between 843 and 873 K 272 
(570 and 600 ⁰C). Such a phase was detected in the pyrolysis residue of E-TBBPA1 as reported 273 
by Al-Harahsheh et al [12]. Sphalerite was also detected in the pyrolysis residue of E-TBBPA3 274 
as seen in the XRD pattern shown in Figure 1. Willemite formed in E-TBBPA1 seems to react 275 
with metal chlorides (KCl and NaCl) at temperatures above 873 K (600 ⁰C) to form zinc chloride 276 
(ZnCl2), NaZnCl3 and KZnCl3 gases. The quantity of which is minimal for the sample at a ratio 277 
of 1:3 due to the low proportion of willemite. Sphalerite remains stable over the whole 278 
temperature region studied, whereas, zinc aluminate (ZnAl2O4) starts to decompose at 279 
temperatures above 973 K (700 ⁰C), whereby part of its zinc reacts with the HBr to form zinc 280 
bromide gas (see Figure 6a) while the other part reduced to zinc by the carbon formed into zinc 281 
gas. For the sample at a  ratio of 1:3, the sphalerite reacts with HBr to produce zinc bromide and 282 
H2S gases, the later reacts with a fraction of wustite (FeO) forming iron sulphide (FeS(s)) (see 283 
Figure 7b).  284 
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 285 
 286 
Figure 6 Thermodynamic calculations for zinc compounds of E-TBBPA1 (a) and E-TBBPA3 (b) 287 
3.3.2.2. Behavior of Iron 288 
Figure 7 shows the expected iron compounds formed during the course of pyrolysis of E-289 
TBBPA1 and E-TBBPA3 mixtures. The major phase present in the E-TBBPA1 pyrolysis residue 290 
is magnetite. The quantity of the latter is almost double that in the feed mixture. This suggests 291 
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that the iron in franklinite was converted into magnetite, while zinc in franklinite has converted 292 
into ZnBr2. The magnetite phase is reduced into wustite (FeO) at a temperature of 620 ⁰C then 293 
into iron (Fe) at a temperature of 943 K (670 ⁰C) followed by further transformation into 294 
cementite (Fe3C) at 1093 K (820 ⁰C) due to the presence of carbon from the TBBPA skeleton. 295 
These events can be clearly observed in DTG and DTA profiles for E-TBBPA1 as presented in 296 
Figure 4 (see Appendix 1 for the details of TGA-DTA profile of E-TBBPA1). Zhang et al [24] 297 
studied earlier the carbothermic reduction of iron oxides in EAFD and obtained similar results.  298 
Small quantities of solid FeBr2 were seen to form across the temperature region 473 and 573 K 299 
(200 and 300 ⁰C), and seem to react with silica to form iron silicate (see their mirror profile in 300 
Figure 7a). This behavior has direct implications for the selective separation of zinc bromide 301 
from the pyrolysis residue of E-TBBPA mixtures by water leaching as observed by Al-302 
Harahsheh et al [13], where iron dissolution was substantially reduced from the residue 303 
pyrolysed at 723 K (450 ⁰C). 304 
The origin of solid FeBr2 must result from the reaction between magnetite and HBr according to 305 
reaction 3 or from FeBr3 formed according to reactions 1 and 2. The latter is an unstable gas and 306 
readily decomposes into FeBr2(s) and Br2 gas according to the following reaction [13, 16].  307 
FeBr3(s) 
>473 𝐾
→     FeBr2(s) + Br2(g)       (10) 308 
FeBr2 reforms again in the gas form at temperature of 873 K (600 ⁰C), most likely, from the 309 
reaction between wustite and HBr (see HBr profile in Appendix 1). Iron silicate (Fe2SiO4) and 310 
calcium iron silicates (Ca3Fe2Si3O12) are formed in the temperature region from 553 to about 983 311 
K (280 to about 710 ⁰C), which then decomposes back into SiO2 and FeO. Across the 312 
temperature region from 863 to 1003 K (590 to 730 ⁰C), iron silicate reacts with calcium 313 
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bromide and chloride to form Ca2FeSi2O7, which then decomposes into Fe and other calcium 314 
silicates (see Appendix 1). Additionally, part of the iron oxide participates in the reaction with 315 
TiO2 across the temperature region from 473 up to 1013 K (200 up to 740 ⁰C), and also 316 
decomposes back into Fe and TiO2, where the later forms other Ca - titanates and Ca-Ti silicates.  317 
With an abundance of HBr in the E-TBBPA3, the behavior of iron is distinct from that of E-318 
TBBPA1. Almost all iron from the magnetite, franklinite and hematite is now in the form of 319 
solid FeBr2 which starts to sublimate at a temperature of 863 K (590 ⁰C) and then smelting 320 
occurs co-currently from 973 K (700 ⁰C). It exists completely in gas form as from 1033 K (760 321 
⁰C). Above a temperature of 903 K (630 ⁰C), small quantities of the other iron phases are formed 322 
such as FeS, CaFeSi2O6, FeCl2, and KFeCl3 (g) (Figure 7b). Neither Fe nor Fe3C were formed 323 
with the sample in the ratio 1:3 due to the absence of sufficient quantities of iron oxides, that 324 
were initially completely converted into iron bromides 325 
 326 
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 327 
Figure 7 Thermodynamic calculations for iron compounds of E-TBBPA1 (a) and E-TBBPA3 (b). 328 
The major difference in the behavior of iron in EAFD in presence of different proportions of 329 
TBBPA imposes significant implications for the separation of zinc and lead, in bromide form, 330 
from EAFD, leaving iron in its oxide form. Tuning the EAFD-TBBPA mixture composition and 331 
the pyrolysis temperature may lead to complete separation of lead and zinc bromides either in 332 
gas form [4, 25] or by leaching with water [13]. Grabda et al [4] have managed to recover as 333 
high as 82 % Zn and 20 %Pb from EAFD when pyrolyzed, in 20vol % O2+80vol % Ar 334 
atmosphere, with TBBPA at a ratio of 1:3 and at a temperature of 823 K (550 ⁰C). Apparently, 335 
the high TBBPA content has led to formation of iron bromides that react partially with oxygen to 336 
form iron oxides. The current thermodynamic and TGA study suggests that working under inert 337 
atmosphere with lower TBBPA content would lead to formation of only zinc and lead bromides 338 
leaving iron in the oxide form. In support to this, Al-Harahsheh et al [13] have managed to 339 
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recover about 91 % Zn and almost 100 % Pb from a EAFD-TBBPA mixture, pyrolysed at a 340 
temperature of 623 K (350 ⁰C), by leaching of the pyrolysis residue in water solution.  341 
3.3.2.3. Behavior of lead 342 
Figure 8 shows the expected lead compounds formed during the course of pyrolysis of E-343 
TBBPA1 and E-TBBPA3 mixtures. The major lead phase seen, in both ratios, is solid PbBr2 344 
which appears to exist as from 473 K (200 ⁰C) in quantities equivalent to the Pb content in the 345 
dust. Lead bromide smelts at a temperature of 653 K (380 ⁰C) and completely evaporates at a 346 
temperature of 883 K (610 ⁰C). Traces of other lead compound gases are formed at temperatures 347 
above 773 K (500 ⁰C). The results of thermodynamic calculations agree with the experimental 348 
data reported by Al-Harahsheh et al [13] in which the pyrolysis residue of E-TBBPA2, PbBr2 349 
was found to form based on XRD analysis and SEM observation reported therein. 350 
Oleszek et al [26] studied the thermal degradation of TBBPA in the presence of lead oxide under 351 
inert conditions. They found that bromination by lead oxide proceeds simultaneously with the 352 
thermal decomposition of TBBPA leading to the formation of PbBr2. The PbBr2 volatilization 353 
began at 588 K (315 ⁰C), increased at 1023 K (750 ⁰C), and reached a maximum (98 %) at a 354 
temperature of 1123 K (850 ⁰C). The carbon in the residue reduced the unreacted lead oxide to 355 
metallic lead across the range 588- 1023 K (315–750 ⁰C).  356 
The thermodynamic results shown in Figure 8 reveal that, the formation of gaseous metallic lead 357 
started at a temperature of 1023 K (750 ⁰C), mainly in the case of E-TBBPA1 where a deficient 358 
amount of HBr is expected for bromination reactions. Nevertheless, the quantity of metallic lead 359 
formed here as well as the other reduced species (PbBr and PbCl) seem to have formed as a 360 
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result of degradation of PbBr2 seen in Figure 8b, and not due to the reaction of unreacted lead 361 
oxides with carbon residues. Figure 5 shows that the most thermodynamically preferable reaction 362 
was the reaction between lead oxychloride and HBr.  363 
 364 
 365 
Figure 8 Thermodynamic calculations for lead compounds of E-TBBPA1 (a) and E-TBBPA3 (b). 366 
 367 
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3.3.2.4. Formation of metal bromide gases 368 
Figure 10 shows the bromide gases expected to form during the course of pyrolysis of E-369 
TBBPA1 and E-TBBPA3 mixtures. The major bromide gas formed during pyrolysis of the E-370 
TBBPA1 mixture is ZnBr2 which starts to evolve at a temperature of about 593 K (320 ⁰C). The 371 
metal bromides present in the EAFD emerge according to the following sequence: CuBr3, ZnBr2, 372 
PbBr2, FeBr2, MnBr2, KBr, NaBr, CaBr2 and finally MgBr2. This order is independent on the 373 
amount of TBBPA present in the mixture. This sequence has great implication for the possibility 374 
of separating these bromides based on their boiling points.  375 
 376 
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 377 
Figure 9 Thermodynamic calculations for bromide gases formed during pyrolysis of E-TBBPA1 (a) 378 
and E-TBBPA3 (b). 379 
3.3.2.5. Effect of presence of NaCl and KCl salts in EAFD 380 
The EAFD used in this work, as seen in Table 2, contains about 7 % NaCl and 3 %KCl; the 381 
presence of these salts certainly affects the thermodynamics of E-TBBPA mixtures. As 382 
demonstrated in Figure 10, sodium bromide consumes appreciable quantities of the HBr 383 
available from TBBPA, while chloride from the initial salts tends to form double salts such as 384 
NaMnCl3 and NaZnCl3 at temperatures above 823 K (550 ⁰C). Sodium bromide smelts at about 385 
1023 K (750 ⁰C).  386 
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 387 
 388 
Figure 10 Thermodynamic calculations for sodium compounds formed during pyrolysis of E-TBBPA1 389 
(a) and E-TBBPA3 (b) 390 
Potassium, forms double chloride salts (KCaCl3 and KMnCl3) at low temperatures for ratio 1:1, 391 
while other double chloride salts are formed at temperatures above 823 K (550 ⁰C). Potassium 392 
bromide, in both liquid and solid forms, appears only at temperatures above 1023 K (750 ⁰C) for 393 
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the sample in ratio 1:1. However, at E-TBBPA ratio 1:3 KBr forms at significantly lower 394 
temperatures. 395 
For the purpose of selective separation between iron, lead and zinc, it may be suggested that 396 
these salts are washed prior to pyrolysis for three reasons; to increase the concentration of Zn, Pb 397 
and Fe in the dust, to reduce the quantity of HBr needed for bromination of metal oxides present 398 
in the dust and finally to inhibit the formation of metal chlorides which would provide better 399 
selective separation.  400 
 401 
 402 
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Figure 11 Thermodynamic calculations for potasium compounds formed during pyrolysis of E-403 
TBBPA1 (a) and E-TBBPA3 (b) 404 
4. Conclusions 405 
The thermal pyrolysis and thermodynamic behavior of EAFD-TBBPA mixtures were studied in 406 
this work across a temperature region from room temperature up to 1073 K (1000 ⁰C). The 407 
degradation of these mixtures proceeded through several steps including the melting of TBBPA 408 
followed by the release of HBr from TBBP, which reacted with the metal oxides present in the 409 
EAFD to form metal bromides. These bromides, upon further heating evaporated at different 410 
temperatures. This facilitates their selective evaporation according to the following sequence: 411 
CuBr3, ZnBr2, PbBr2, FeBr2, MnBr2, KBr, NaBr, CaBr2 and finally MgBr2. Thermodynamically, 412 
it was found that the least preferable bromination reactions are those involving iron compounds 413 
including hematite, magnetite and franklinite. Lead bromination was the most 414 
thermodynamically preferable reaction. Thermodynamic calculations also suggest that tuning the 415 
quantity of TBBPA would lead to preferential bromination of lead and zinc in favor of iron. As a 416 
consequence, lead and zinc bromides can be selectively separated from iron at moderate 417 
temperatures by evaporation, while char formed by the degradation of TBBPA may be 418 
successfully used as a reducing agent for iron oxides into metallic iron. 419 
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Table 1. Chemical composition of EAF dust obtained from ICP-AES analysis (dry base wt.%) 463 
Zn Fe Ca Na Pb Si K 
25.91±0.09 18.04±0.31 3.98±0.03 3.29±0.03 3.15±0.03 2.76±0.08 1.84±0.02 
Mn S Mg Al Cu Sn Ti 
1.24±0.01 0.78±0.01 0.64±0.01 0.50±0.00 0.29±0.01 0.172±0.003 0.128±0.004 
Cr Cd Ni Bi V Co  
0.015±0.007 0.039±0.001 0.025±0.003 0.007±0.000 0.003±0.000 0.002±0.000  
 464 
Table 2 Estimated mineral composition of the EAFD. 465 
compound Wt% compound Wt% 
ZnFe2O4 40.4 SiO2 5.0 
ZnO 13.6 KCl 3.0 
Fe3O4 11.7 MnO2 1.7 
Fe2O3 3.0 MgO 0.7 
CaCO3 4.2 Cu2O 0.6 
CaSO4 5.7 TiO2 0.2 
NaCl 7.1 Al2O3 0.4 
PbO 2.9   
 466 
  467 
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Figures captions 468 
Figure 1 XRD pattern of raw EAFD, E-TBBPA3 after pyrolysis and after leaching at pH=1 469 
Figure 2 TGA and DTG profiles for pure TBBPA, E-TBBPA1 and E-TBBPA3 at a heating rate of 470 
10⁰C/min. 471 
Figure 3 Weight loss and weight loss derivative for E-TBBPA1 (A) and E-TBBPA3 (B) at heating 472 
rates of 5 and 10⁰C/min 473 
Figure 4 Heat flow derivatives (B) for pure TBBPA, E-TBBPA1 and E-TBBPA3 mixtures obtained 474 
at a heating rate of 10 ⁰C/min (DWL-Derivative weight loss, DHF-Derivative heat flow). 475 
Figure 5 Gibbs free energy for the suggested reactions (RXN 1 to RXN 9).  476 
Figure 6 Thermodynamic calculations for zinc compounds of E-TBBPA1 (a) and E-TBBPA3 (b) 477 
Figure 7 Thermodynamic calculations for iron compounds of E-TBBPA1 (a) and E-TBBPA3 (b) 478 
Figure 8 Thermodynamic calculations for lead compounds of E-TBBPA1 (a) and E-TBBPA3 (b) 479 
Figure 9 Thermodynamic calculations for bromide gases formed during pyrolysis of E-TBBPA1 (a) 480 
and E-TBBPA3 (b). 481 
Figure 10 Thermodynamic calculations for sodium compounds formed during pyrolysis of E-482 
TBBPA1 (a) and E-TBBPA3 (b) 483 
Figure 11 Thermodynamic calculations for potasium compounds formed during pyrolysis of E-484 
TBBPA1 (a) and E-TBBPA3 (b) 485 
  486 
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Appendix 1 487 
 488 
Figure A1 Thermodynamic calculations for silicates of E-TBBPA1 (Left pannel) and E-TBBPA3 (right 489 
panel) 490 
  491 
Figure A2 Thermodynamic calculations for non condensable gases of E-TBBPA1 (Left pannel) and E-492 
TBBPA3 (right panel) 493 
 494 
 495 
33 
 
 496 
Figure A3. TGA-DTA profile for E-TBBPA1 497 
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